We synthesized submicron-sized "-Fe x N (2 5 x 5 3) particles by heating 180-nm Fe 3 O 4 particles in an atmosphere of NH 3 , both with and without H 2 , and we studied their structural and magnetic properties. The nitride samples (first step nitridation) prepared by NH 3 and annealed at 623 K ("-Fe 2 N) had an expanded unit cell and were paramagnetic at room temperature. The purpose of H 2 annealing, which was successively applied on the first step nitride sample, was to dissolve excess nitrogen atoms and reduce the lattice constant. The nitrogen concentrations were estimated from X-ray diffraction patterns. Saturation magnetization was found to increase with the H 2 annealing time. The nitrogen diffusion constant in the submicron hcp particles was found to be 6:33 Â 10 À20 m 2 /s, which is about three orders of magnitude smaller than that of the bulk hcp iron nitrides. This may result from the coating materials, such as SiO 2 and others, covering the inner core nitrides, where nitrogen atoms passed through during diffusion. [
Introduction
Considerable attention has been paid to iron nitrides 1, 2) as magnetic materials because of their unique properties such as large saturation magnetization 3) and high corrosion resistance. Further, these compounds are composed only of non-rare elements and are thus environmentally friendly; therefore they have the potential to replace current highperformance magnetic materials including rare metals such as FePt and Nd-Fe-B.
Iron nitrides are categorized as interstitial compounds, and their crystal structure as well as their magnetic properties depend on the nitrogen content. The typical iron nitrides are 00 -Fe 16 N 2 (bct), 4) 0 -Fe 4 N (fcc), 4, 5) and "-Fe 3 N (hcp), [6] [7] [8] [9] which are ferromagnetic at room temperature; 00 -Fe 16 N 2 is metastable at room temperature.
"-phase iron nitrides are stable, and their nitrogen concentration varies from 33 at% to 25 at%, which corresponds to a nitrogen concentration of 2 5 x 5 3, for "-Fe x N. 10) These nitrides possess superior corrosion and mechanical properties and have been well studied. 11) The magnetic structure of "-Fe 3 N was investigated by neutron diffraction, 12) and the magnetic moment was determined to be 1.5 B /Fe atom and aligned parallel to the hexagonal c axis. The magnetic properties "-Fe 3 N were reported to be largely influenced by the nitrogen concentration; the Curie temperature and magnetic moment of "-Fe 3 N were 575 K and 123 emu/g, respectively, 9) both of which decreased drastically with an increase in the nitrogen concentration. 10) Characterization of the basic properties of iron nitrides has not been proceeding well because of the difficulty in preparing a large volume samples; this difficulty mainly arises from the nature of interstitial compounds. Iron nitride samples had been prepared by exposing rather thick ($10 mm) -Fe thin plates 4, 11) to the nitriding gas; this technique often resulted in the formation of nitrogen concentration gradients in the samples. Recently, because of the new application to magnetic recording media 13, 14) and spintronics materials, 15) the size of the iron nitride compounds has been shifted to the range of nanometer.
It is important to elucidate fundamental properties of these nano-structured iron nitrides so that they can be used as new types of magnetic materials. As mentioned above, it is preferable to use bulk samples to clarify the fundamental physical and magnetic properties, however, it is found that bulk samples synthesized by conventional methods often have nitrogen concentration gradients. On the other hand, nano-sized particles can be crystallized in a single phase nitride much easier than bulk. 16) Because they have a large surface area, nitrogen atoms can penetrate easily and uniformly into the particles; therefore, by increasing the size of the particles within a single phase, it is possible to make an accurate characterization of the nitride with small surface effects.
It is natural to consider that "-phase nitrides can be used to elucidate the mechanism of nitrogen diffusion during nitriding because its hcp structure is maintained, even when the nitrogen concentration varies over a wide range. On the contrary, 0 -Fe 4 N directly decomposes to -Fe, and its multiphase diffusion must be taken into account for the nitrogen diffusion process. In this study, we used Fe 3 O 4 particles with a relatively large size (180 nm in diameter) as precursors and synthesized single-phase "-Fe x N (2 5 x 5 3). The use of large particles has an advantage that the influence of surface oxidization can be suppressed. During the annealing in H 2 atmosphere, the nitrogen concentrations changed according to annealing time and were deduced from the lattice parameters. Nitrogen diffusion is discussed by assuming the uniform distribution of nitrogen atoms in particles.
Experimental Procedure
Commercially available 180-nm Fe 3 O 4 particles (Toda Kogyo Corp.) were used as starting materials and were reduced in H 2 flow at 673 K for 2.5 h. The reduced samples * Graduate Student, University of Tsukuba were then successively nitrided in NH 3 flow for 24 h at various temperatures; using the data generated by this process, we obtained the optimum temperature at which single-phase "-Fe x N (2 5 x 5 3) can be prepared. Decreasing the nitrogen concentration (backward growth) was achieved by heating the samples at 603 K in H 2 flow, with varying annealing times. Although the backward growth procedure is usually carried out by annealing the samples in a gas mixture of NH 3 and H 2 at lower temperatures than the nitriding temperature, 10) we, however, simply used a pure H 2 atmosphere.
X-ray diffraction (XRD) studies were carried out for the identification of the resulting phase and determination of the lattice constants. Images of each sample were observed by a transmission electron microscope (TEM), and their room temperature Mössbauer spectra were recorded for the composition analysis. We used the commercially available fitting software, MossWin ver. 3, to numerically analyze the data. Magnetization curves were recorded with a vibrating sample magnetometer (VSM) at room temperature. The samples used for Mössbauer spectroscopy and magnetization measurements were sealed in plastic capsules with epoxy or varnish to prevent them from being oxidized. The samples reduced from the Fe 3 O 4 particles were confirmed to be in the -Fe single phase. The nitrided sample at temperatures around 623 K showed a single phase of "-Fe x N (2 5 x 5 3). In particular, the sample nitrided at 623 K was sufficiently nitrided and is labeled as ''as-nitrided'' sample (a). Figure 2 shows the XRD patterns. It is clear from the figure that the as-nitrided sample has an hcp structure and a larger unit cell than that of bulk "-Fe 3 N. This result showed that the excess nitrogen atoms increased the lattice, with lattice constants of a ¼ 0:480 nm and c ¼ 0:443 nm. The nitrogen concentration, x, in "-Fe x N was reported to have a relation with the lattice constants of an hcp structure as follows: 10) x ¼ 0:0673 a À 0:44709
Results and Discussion
Then, x for sample (a) was estimated to be 2.0 from our experimentally obtained a and b; nitrogen atoms are packed up to the empty positions of hcp structure. The preparation conditions of the samples are summarized in Table 1 . The sample annealed in the H 2 flow for 2 h has lattice constants of a ¼ 0:473 nm and c ¼ 0:439 nm, and therefore, its chemical formula was determined to be "-Fe 2:6 N. The lattice constants of the sample with 4-h annealing (c) were identical to those of the bulk "-Fe 3 N, i.e., a ¼ 0:470 nm and c ¼ 0:438 nm.
It should be noted that the peaks in the XRD shifted with annealing; however, no remarkable line broadening was observed. This suggests that uniform distribution was achieved because the concentration of nitrogen atoms in the particles did not have a gradient. The physical properties of the samples are summarized in Table 2 . The Mössbauer spectra recorded at room temperature are shown in Fig. 3 . The spectrum for the as-nitrided sample (a) is decomposed into two singlets, which indicates that the sample was paramagnetic. Sample (b) with the H 2 -annealing for 2 h was revealed to be in a magnetically ordered state, where the magnetic transition temperature is higher than room temperature. The spectrum for sample (b), fitted to a distributed Hyperfine field (H hf ) spectrum, is shown in Fig. 4 . The peak in H hf was located at around 20.8 T, which coincides with that of "-Fe 2:6 N. 17) The two extra peaks of a lower magnitude of H hf indicate the distribution of the magnetic transition temperatures. The spectrum for sample (c) was composed of two ferromagnetic sub-spectra. The major component has a distributed H hf with a peak at 23.8 T. An additional ferromagnetic component, attributed to "-Fe 3 N, 17) has a hyperfine field at 29.9 T and has 5.4% of the area. Figure 5 shows the hysteresis curves measured with the VSM. The data confirmed the Mössbauer results, and magnetic ordering was ferromagnetic. Saturation magnetization of sample (c) was 80.3 emu/g, which is approximately 2/3 of that for the bulk of 123 emu/g. Distribution of the hyperfine field and the anti-sintering process of particle surface may attribute to the decrease in magnetization.
The diffusion process of the "-phase particles was analyzed using samples with differing nitrogen concentrations, but the same crystalline structure. The diffusion phenomena in a sphere eventuate to one-dimentinal model, and were expressed by the following equation: 18) c c À c e c a À c e ¼
Here, c c, c e , c a , D, and t are the averaged concentration, the surface concentration at the end of the backward process, the initial concentration, the diffusion constant, and the reaction time, respectively. We supposed c e ¼ 0 because the backward diffusion occurred in this case. The diffusion constant D, is therefore expressed as follows:
Because of H 2 annealing for 4 h, the nitrogen concentration decreased from 33 at% to 25 at%. Taking c a ¼ 33 at% and c c ¼ 25 at%, the diffusion constant at 603 K was estimated to be D ¼ 6:33 Â 10 À20 m 2 /s, which is the diffusion constant of nitrogen for the submicron hcp particle, D hcp . Table 1 . Table 1 .
The diffusion constant of thin-plate "-Fe x N (2 5 x 5 3) was reported to be D " N ¼ 1:68 Â 10 À7 expðÀ118000=RTÞ m 2 /s. 11) From eq. (3), the bulk diffusion constant is calculated to be D " N ¼ 1:01 Â 10 À17 m 2 /s at 603 K, which is about three orders magnitude larger than that obtained in the present work. For reference, the diffusion constant of nitrogen in bcc -Fe was expressed as D ¼ 4:88 Â 10 À7 expðÀ76900=RTÞ m 2 /s. 18) The diffusion constant at 603 K is D ¼ 1:06 Â 10 À13 m 2 /s. This shows that the diffusion constant in hcp is essentially smaller than that in the bcc phase.
The difference in the diffusion constants might be caused by the anti-sintering process at the particle surface, which suppresses nitrogen diffusion. Since fine particles are generally covered with thin layers to prevent oxidation and agglomeration, we refer to two studies. The first study discusses the nitrogen diffusion in SiO 2 19) and finds the diffusion constant of nitrogen in SiO 2 at 603 K to be 9:01 Â 10 À27 m 2 /s. This value is much smaller than the values of the diffusion constants of nitrogen in bcc and hcp Fe. The second study has reported the nitrogen diffusion process in the bcc Fe plate with Fe 3 C coat layers. 20) In this case, nitrogen atoms passed through the Fe 3 C layers and reached the inner bcc-Fe during the diffusion and then both diffusion constants for nitrogen in the Fe 3 C and bcc-Fe layers were determined. The diffusion constant in the Fe 3 C layer is three orders of magnitude smaller than that in bcc Fe. These results indicate that surface coating materials suppress nitrogen diffusions at the molecular level, thus decreasing the diffusion constant for the entire system.
The diffusion constants of nitrogen atoms in the hcp phase Fe, both in bulk and in small particles, are smaller than that in the bcc phase. The difference may originate from the characteristics of the crystalline structure. The hcp and fcc structures belong to the close-packed structure and movement of the guest atoms among the interstitial sites has a lower probability than in the case of the bcc (not closepacked) structure. It is interesting that the nitrogen diffusion constant obtained in the present study is three orders magnitude smaller than that of the bulk specimen: the smaller coefficient means that the nitrogen atoms do not move easily. Providing the two dimensional diffusion, nitrogen penetration depth, x, is expressed as the relation, x 2 / D. 21) From the relation, the uniform nitrogen concentration range in the fine particles was estimated to be roughly 10 À3=2 ¼ $ 0:03 times smaller than that for the bulk. Supposing 10 mm for the uniform length in a bulk sample, the nitrogen uniform length for fine particles is estimated to be 300 nm. This suggests an upper particle size of single "-phase particles.
Conclusions
180-nm single-phase "-Fe x N (2 5 x 5 3) particles were synthesized with NH 3 nitridation at 603 K and successive H 2 annealing. The "-Fe 2 N sample obtained at the first step was paramagnetic at room temperature and had a relatively large lattice constant. Ferromagnetic "-Fe 3 N particles, produced with 4 h of H 2 annealing, were found to have a slightly distributed H hf , as observed with Mössbauer spectroscopy. The saturation magnetization of "-Fe 3 N particles was approximately 70% that of the bulk, implying higher nitrogen concentration or inhomogeneity in the sample. The nitrogen uniform range in the particle form was roughly estimated to be 300 nm for the "-phase iron nitride.
